Very little protein tyrosine phosphorylation was observed in growing (exponential-phase) Entamoeba histolytica cells by immunoblotting and quantitative immunofluorescence. After 1 h of serum deprivation, two proteins (42 and 38 kDa in SDS-PAGE) were tyrosine phosphorylated and two more proteins (96 and 63 kDa) also showed tyrosine phosphorylation when examined after 4 h of serum deprivation. Intense enhancements of anti-phosphotyrosine immunofluorescence levels were observed during this period of serum withdrawal. Membrane-associated tyrosine kinase activity reached a peak (3.5-fold increase) 1 h after serum deprivation and decreased thereafter reaching a basal level by 2 h of serum deprivation. Interestingly, tyrosine kinase activities remained unaffected by serum stimulation (2^60 min) of serum-deprived cells. Also, during this period of serum stimulation tyrosine phosphorylated proteins of serum-deprived cells were dephosphorylated. Tyrosine phosphatase activities were suppressed during serum deprivation and on serum addition to serum-deprived cells tyrosine phosphatase activities increased significantly. Our data attest that protein tyrosine phosphorylation was associated with growth inhibition of E. histolytica and serum stimulation of E. histolytica produced tyrosine phosphatase activation and protein tyrosine dephosphorylation. ß
Introduction
Entamoeba histolytica is the causative organism of amoebic dysentery, a disease which a¡ects a large number of people every year in the tropical regions of the world. This organism invades the human gut by ¢rst adhering to the intestinal mucosa and then secreting enzymes for cytolysis [1] . This invasive process has received some attention from researchers [2, 3] in recent years. Second messengers and protein kinases have been identi¢ed in this parasite and some of them have been linked to the adhesion and secretion mechanism of E. histolytica [4^11]. However, very little is known about the signal transduction network associated with the growth process in this organism. In another parasitic protozoon, Trypanosoma brucei, life cycle-speci¢c protein phosphorylation changes are observed. The infective, non-proliferating stage of this parasite demonstrates a signi¢cant amount of phosphorylated proteins and increased activities of protein kinases [12, 13] . Only moderate changes in tyrosine phosphorylation levels are noted during the transition of quiescent cells to the dividing state in T. brucei [14] .
In contrast, there is a dearth of information on protein phosphorylation events during cyst (non-dividing, infective stage) formation or during excystation and the initiation of cell division in E. histolytica. As amoebiasis is transmitted by cysts and progresses by the rapid multiplication of E. histolytica trophozoites in the human gut, it is indeed important to sort out the signals that may be controlling growth and dormancy in this parasite. In this study, we have made an endeavour to identify whether activation of protein tyrosine kinases and phosphatases, and protein phosphorylation accompany growth factor deprivation and subsequent growth factor stimulation in E. histolytica.
Materials and methods

Materials
Calf serum, and monoclonal anti-phosphotyrosine (clone PT66) antibody were obtained from Sigma Chemical Co. Tyrosine kinase assay kit, tyrosine phosphorylated peptide, and Neutravidin-coated assay plates were purchased from Pierce Chemical, USA. Blot development kit was from Bangalore Genei, India.
Cell culture
E. histolytica trophozoites were maintained in complete TYI-S-33 medium aseptically at 37³C. The TYI-S-33 medium (trypticase, yeast extract, iron, serum) consisted of a nutrient broth (TYI), a vitamin-Tween 80 mixture and calf serum. Exponential-phase cultures (48 h) were harvested. For serum deprivation, the serum-containing medium adherent to the E. histolytica trophozoites was removed by centrifugation and the trophozoites were resuspended in serum-free medium and kept at 37³C. Serum (10%) was added to the cells after 1 h or 4 h of serum deprivation and kept at 37³C. Serum-stimulated cells were harvested at di¡erent time points after serum addition.
E. histolytica trophozoites were harvested from the culture by centrifugation at 3000Ug for 15 min at room temperature. They were washed with Hanks' bu¡er containing 135 mM NaCl, 5 mM KCl, 5 mM glucose, 3 mM Na 2 HPO 4 , 4 mM K 2 HPO 4 , 4 mM NaHCO 3 , 10 mM Hepes, pH 7.2.
Cell fractionation
After freeze-thawing twice, the E. histolytica cell suspension in cell fractionation bu¡er containing 20 mM Tris-HCl, 1 mM EGTA, 1 mM EDTA, 25 WM sodium orthovanadate and 5 mM sodium £uoride pH 7.5 was homogenised in a homogeniser at 4³C in the presence of protease inhibitors (250 WM PMSF, 1 Wg ml 31 leupeptin). After one centrifugation step (2000Ug, 10 min), the supernatant was further ultracentrifuged at 100 000Ug for 1 h at 4³C. The pellet formed the membrane fraction and the supernatant formed the cytosolic fraction.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis and Western blotting
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis was carried out in 12.5% acrylamide gels. The E. histolytica proteins were transferred from gels onto nitrocellulose membranes by semi-dry blotting. The blotted proteins were then immunostained with anti-phosphotyrosine antibody and alkaline phosphatase-conjugated secondary antibody.
Tyrosine kinase assay
Tyrosine kinase was assayed in the membrane and cytosolic fractions of E. histolytica by an ELISAbased method using a biotinylated substrate peptide (Pierce). The phosphoproteins were quantitated by a colour reaction of horseradish peroxidase.
Tyrosine phosphatase assay
Tyrosine phosphatase assay was performed in the membrane fractions using a biotinylated phosphopeptide (EGPWLEEEEEA[pY]GWMDF) from Pierce (USA) as phosphatase substrate. Brie£y, the biotinylated phosphopeptide was coated on to Neu-travidin-coated ELISA 96-well plates (Pierce). Total phosphopeptide in the wells and phosphopeptide remaining after the tyrosine phosphatase reaction were detected by anti-phosphotyrosine antibody (PY20) conjugated with horseradish peroxidase.
Quantitative immuno£uorescence by spectro£uorimetry
Cells were harvested from exponential-phase (48 h) culture (growing control), after 1^4 h serum deprivation, and after 1 or 4 h serum deprivation and subsequent serum stimulation. Harvested cells were processed for immuno£uorescence studies [15] . After ¢xation in 90% ethanol in phosphate-bu¡ered saline (PBS) (30 min; 4³C) and subsequent washing in PBS, the cells were incubated with the primary anti-phosphotyrosine antibody (raised in mouse) in 0.5% bovine serum albumin (BSA) (room temperature; 60 min). This step was followed by washes in PBS and incubation with the secondary antibody in 0.5% BSA (anti-mouse rabbit IgG-FITC conjugate). Cells were then washed twice in PBS and ¢xed in 1% paraformaldehyde. The cell suspension was examined in a Hitachi F-4500 spectro£uorimeter (excitation 495 nm and emission 525 nm).
One negative control was measured omitting the primary antibody step and another negative control was measured by the addition of a step before the FITC-conjugated secondary antibody in which the cell suspensions were incubated with an unconjugated rabbit anti-mouse IgG. Both negative controls showed £uorescence values of 6 5% of the peak £u-orescence values.
Results and discussion
E. histolytica is a parasite which enters the human body in a dormant form known as the cyst and when inside the human intestine transforms into trophozoites and divides speedily [1] . Cell culture systems for this organism usually demonstrate a requirement for serum [7, 8, 16] . A de¢nite requirement of serum for the optimal growth of E. histolytica was also observed in our culture system. Very little growth of E. histolytica was observed in the absence of serum and on readdition of serum to 1^4 h serumdeprived cells normal growth of E. histolytica cells was observed in culture (Chaudhuri and Raha, unpublished observation).
Protein phosphorylation patterns in serumdeprived and serum-stimulated E. histolytica by quantitative immuno£uorescence and immunoblotting
Serum-deprived (1 h) cells demonstrated an intense augmentation (P 6 0.001; 7-fold) in anti-phosphotyrosine FITC immuno£uorescence over the very low levels of anti-phosphotyrosine immuno£uores-cence observed in control cells and after serum addition to 1 h serum-deprived cells this e¡ect was gradually reversed between 2 min and 30 min of serum addition (Fig. 1A) . At 30 min of serum stimulation, anti-phosphotyrosine immuno£uorescence in serumstimulated cells was almost similar to that of control cells. When cells were serum-deprived beyond 1 h, anti-phosphotyrosine immuno£uorescence was observed to have increased signi¢cantly (P 6 0.01) over 1 h serum deprivation values (data not shown) at 2 h of serum deprivation. When examined at 4 h of serum deprivation, this parameter was found to be similarly enhanced (10-fold over control levels; Fig.  1B ). Rapid reversal of anti-phosphotyrosine immuno£uorescence occurred after serum addition to 4 h serum-deprived cells as demonstrated by very low levels of anti-phosphotyrosine immuno£uorescence in cells 5, 10, 15 and 30 min after serum addition (Fig. 1B) . When control cells were incubated in the presence of sodium orthovanadate (15 and 25 WM), an inhibitor of protein tyrosine phosphatases [17, 18] , for 1^2 h at 37³C, a signi¢cant (P 6 0.001; 5^6-fold) elevation was observed in anti-phosphotyrosine immuno£uorescence level (Fig. 1C) . In freshly harvested (exponential-phase) trophozoites, no proteins were found to be tyrosine phosphorylated (Fig. 2A,  lane 3) . On serum deprivation (1 h), two proteins were found to be tyrosine phosphorylated (42 and 38 kDa) (Fig. 2B, lane 1) . These proteins remained tyrosine phosphorylated during 1^4 h of serum deprivation and on prolongation of serum deprivation two more proteins (96 and 63 kDa) were tyrosine phosphorylated ( Fig. 2A, lane 1) . On re-introduction of serum to the 1 h serum-deprived cells, the 38-kDa protein underwent a rapid dephosphorylation (5 min after serum addition; Fig. 2B, lane 2) but the 42-kDa protein remained phosphorylated until 15 min after serum addition (data not shown). However, after 30 min of serum addition the 42-kDa protein was also found to have undergone dephosphorylation (data not shown). When serum was added to 4 h serumdeprived cells, within 5 min of serum addition all four proteins were found to be dephosphorylated and this pattern remained unchanged until 60 min of serum stimulation. Fig. 2A (lane 2) shows the absence of tyrosine phosphorylation in cells stimulated for 30 min with serum after initial serum deprivation. Exactly similar patterns were observed at 5, 10, and 60 min after serum addition to 4 h serumdeprived cells (data not shown). These data strongly indicated, on the one hand, that serum withdrawal induced protein tyrosine phosphorylation and on the other, a lack of correlation between immediate protein tyrosine phosphorylation and exposure to growth-promoting stimuli in E. histolytica. Indeed, tyrosine dephosphorylation has been found to be well correlated with serum stimulation in this organism ( Figs. 1 and 2 ). In contrast, tyrosine phosphorylation events play very important roles in the growth and di¡erentiation processes in higher eukaryotes [19, 20] . In fact, serum-deprived mammalian cells show lower levels of tyrosine phosphorylation than cells growing in the presence of serum and addition of serum to serum-deprived cells results in tyrosine phosphorylation of several proteins within 5 min [20] . 
Tyrosine kinase activity after serum deprivation and serum stimulation in E. histolytica
No tyrosine kinase activity was detected in the cytosolic fraction of E. histolytica. In control (exponential-phase) cells, membrane-associated tyrosine kinase activities were detected (Fig. 3A) . Tyrosine kinase activity increased to 3.5-fold at 1 h of serum deprivation but returned gradually to control levels by 2 h serum deprivation and remained at the control level when serum deprivation was prolonged further until 4 h. No signi¢cant di¡erences in this tyrosine kinase activity pattern over time was observed when serum was re-introduced at 1 h of serum deprivation (Fig. 3B) . At 4 h of serum deprivation, tyrosine kinase activity was similar to control levels ( Fig. 3A) and serum addition (2^60 min) to these cells produced no signi¢cant changes in this parameter (data not shown). Therefore, a short-lived increase in tyrosine kinase activity accompanied growth factor deprivation in E. histolytica but a rise in tyrosine kinase activity was clearly not associated with serum stimulation. As serum is necessary for growth of this parasite, it could be postulated that immediate tyrosine phosphorylation of proteins may not be necessary for the relay of a signal for cellular proliferation.
3.3. Tyrosine phosphatase activity after serum deprivation and serum stimulation in E. histolytica
Protein tyrosine phosphatase activities were significantly suppressed (P 6 0.001) in serum-deprived cells when compared to growing control cells (Fig.  4A,B) . As serum was added to 1 h serum-deprived cells, a gradual but steady increase was seen in tyrosine phosphatase activity. After 10 min of serum stimulation, tyrosine phosphatase activity was found to be signi¢cantly (P 6 0.001) enhanced (about 2.5-fold). The rise in tyrosine phosphatase activity C continued until 30 min after serum stimulation at which time tyrosine phosphatase activity had returned to control levels (Fig. 4A ). Protein tyrosine phosphatase activity was also signi¢cantly lower (P 6 0.01) than control levels at 4 h of serum deprivation. On re-introduction of serum to these cells, tyrosine phosphatase activity rapidly rose to control levels within 5 min and after 30 min of serum addition it was found to be similarly elevated (Fig.  4B) . Therefore, a distinct link between serum deprivation and tyrosine phosphorylation of proteins has been established by our data. Conversely, serum stimulation of E. histolytica resulted in dephosphorylation of tyrosine phosphorylated proteins. Protein tyrosine dephosphorylation was very rapid during serum addition to 4 h serum-deprived cells compared to the more gradual nature of dephosphorylation observed after serum stimulation of 1 h serum-deprived cells. This di¡erence may be attributed, on the one hand, to the opposing force of elevated levels of tyrosine kinase activity around 1 h of serum deprivation and on the other, to a slower rise in tyrosine phosphatase activity after serum addition to 1 h serum-deprived cells. Also, the increased level of protein tyrosine phosphorylation at 4 h of serum deprivation in the absence of enhanced protein tyrosine kinase activity (Fig. 3A) could be explained by the suppression of protein tyrosine phosphatase activity at this time (Fig. 4B) .
E¡ect of protein tyrosine kinase and tyrosine phosphatase inhibitors on E. histolytica in culture
After 24 h or 48 h culture of E. histolytica in the presence of Genistein (2, 5 or 10 WM), a potent tyrosine kinase inhibitor [21] and an inducer of apoptosis in mammalian cells [22] , membrane-associated tyrosine kinase activities were drastically reduced (P 6 0.001; Fig. 5A ). In sharp contrast, no e¡ect of Genistein (1^25 WM) was seen on growth of E. histolytica in culture (Fig. 5B) . Moreover, addition of similar concentrations (1^25 WM) of sodium ortho- vanadate, a tyrosine phosphatase inhibitor [17, 18] , produced a drastic inhibition of cell proliferation (P 6 0.001; Fig. 5B ). The concentration of sodium orthovanadate which produced 50% inhibition of growth was 6 WM. The inhibitory e¡ect of sodium orthovanadate on the growth of E. histolytica coupled with its ability to elevate tyrosine phosphorylation levels (Fig. 1C ) in these cells further highlighted a link between protein tyrosine phosphorylation and growth inhibition in E. histolytica.
Adverse environmental factors such as nutrient de¢ciency, alterations in temperature and pH lead to encystation in E. histolytica. The initial stage of cyst formation involves change in shape and size. In the ¢nal metacystic stage, nuclear division resulting in a multinucleate structure with a thicker cell wall is formed. When environmental factors are favourable, the multinucleate cyst gives rise to a few trophozoites which multiply rapidly by binary ¢ssion [1] . Serum is necessary for the growth of E. histolytica in culture. When deprived of serum for a few hours, the E. histolytica cells are dealing with unfavourable environmental conditions for growth. This condition is associated with protein phosphorylation on tyrosine, activation of tyrosine kinases, and suppression of protein tyrosine phosphatases. In contrast, in higher eukaryotes, growth arrest is accompanied by activation of protein phosphatases [23] . As E. histolytica goes through life cycle change under unfavourable conditions, it could be assumed that transition from an actively multiplying state (trophozoite) to a dormant, infective state (cyst) may involve protein phosphorylation through activation of protein kinases and suppression of protein phosphatases. In T. brucei, the non-proliferative, infective life cycle stage (stumpy blood form) shows elevated activity of several protein kinases and increased tyrosine phosphorylation of some proteins [12, 13] . In Leishmania major stationary (infective)-phase cells demonstrate hihger casein kinase activity than non-infective, exponential-phase cells [24] .
In summary, our data demonstrate, on the one hand, a distinct association of protein tyrosine phosphorylation with growth factor deprivation and growth inhibition and on the other, a de¢nite correlation between growth factor stimulation and protein tyrosine dephosphorylation in E. histolytica. These ¢ndings provide an insight into the barely known regulatory processes that govern the life cycle and cell cycle in E. histolytica.
